Potato (Solanum tuberosum) plants are rich in 9-lipoxygenase, which converts linoleic acid and -linolenic acid to 9S-hydroperoxy-10E,12Z-octadecadienoic acid (9-HPOD) and 9S-hydroperoxy-10E,12Z,15Z-octadecatrienoic acid (9-HPOT) respectively. The allene oxide synthase (AOS) involved in 9-HPOD/9-HPOT metabolism in potato, however, has not been characterized in detail. We cloned a cDNA encoding a novel AOS from potato sprouts by reverse transcriptase-PCR based on a partial sequence in the EST database. This AOS was successfully expressed in the yeast Pichia pastoris, and purified using Ni-NTA resin. The recombinant enzyme metabolized 9-HPOD, 9-HPOT, 13-HPOD, and 13-HPOT with reaction efficiencies of 2:5 Â 10 7 , 1:0 Â 10 7 , 2:5 Â 10 6 , and 7:6 Â 10 6 M À1 s À1 respectively. The -ketol formed from 9-HPOD was composed mainly of the 9R-enatimomer (90%). Besides sprouts, the mRNA of this AOS was detected in buds, flowers, and stems, but not in leaves, tubers, or roots of mature plants, suggesting that this enzyme has a tissue-specific function.
Positional-and stereo-specific hydroperoxidation by lipoxygenases (LOXs) of linoleic acid and -linolenic acid in plant tissues produces fatty acid hydroperoxides, which serve as pivotal intermediates metabolized further to various lipid-related bioactive compounds, viz., oxylipins. 1, 2) Plant LOXs are classified mainly into two groups based on their positional specificity. Plant 13-LOXs convert linoleic acid and -linolenic acid to 13S-hydroperoxy-9Z,11E-octadecadienoic acid (13-HPOD) and 13S-hydroperoxy-9Z,11E,15Z-octadecatrienoic acid (13-HPOT) respectively, while 9-LOXs convert linoleic acid and -linolenic acid to 9S-hydroperoxy-10E,12Z-octadecadienoic acid (9-HPOD) and 9S-hydroperoxy-10E,12Z,15Z-octadecatrienoic acid (9-HPOT) respectively. Therefore, 13-and 9-LOXs initiate the biosynthesis of different series of oxylipins (Fig. 1) . 1, 2) One of the reactions steering the metabolism of fatty acid hydroperoxides is the formation of epoxy derivatives, allene oxides, catalyzed by allene oxide synthases y To whom correspondence should be addressed. Fax: +81-852-32-6092; E-mail: jisaka@life.shimane-u.ac.jp Abbreviations: LOX, lipoxygenase; AOS, allene oxide synthase; DES, divinyl ether synthase; EAS, epoxy alcohol synthase; HPL, hydroperoxide lyase; 9-HPOD, 9S-hydroperoxy-10E,12Z-octadecadienoic acid; 9-HPOT, 9S-hydroperoxy-10E,12Z,15Z-octadecatrienoic acid; 13-HPOD, 13S-hydroperoxy-9Z,11E-octadecadienoic acid; 13-HPOT, 13S-hydroperoxy-9Z,11E,15Z-octadecatrienoic acid; 9,10-EOD, 9,10-epoxy-10,12Z-octadecadienoic acid; 9,10-EOT, 9,10-epoxy-10,12Z,15Z-octadecatrienoic acid; 12,13-EOD, 12,13-epoxy-9Z,11-octadecadienoic acid; 12,13-EOT, 12,13-epoxy-9Z,11,15Z-octadecatrienoic acid; cis-(þ)-12-OPDA, cis-(þ)-12-oxo-10,15Z-phytodienoic acid; RACE, rapid amplification of cDNA ends; BSTFA, N,O-Bis(trimethylsilyl)trifluoroacetamide; PMSF, phenylmethylsulfonylfluoride (AOSs). 1, 2) AOSs are classified based on their substrate selectivity. 13-AOSs selectively metabolize 13-HPOD and 13-HPOT to 12,13-epoxy-9Z,11-octadecadienoic acid (12,13-EOD) and 12,13-epoxy-9Z,11,15Z-octadecatrienoic acid (12,13-EOT) respectively, while 9-AOSs prefer 9-HPOD and 9-HPOT to produce 9,10-epoxy-10,12Z-octadecadienoic acid (9,10-EOD) and 9,10-epoxy-10,12Z,15Z-octadecatrienoic acid (9,10-EOT) respectively ( Fig. 1) .
2) Each allene oxide is so unstable that it is readily converted non-enzymatically to a mixture of -ketol, -ketol, and racemic cyclopentenone compounds in vitro (Fig. 1) . 3, 4) 13-AOSs are especially important in plants, because their product, 12,13-EOT, is an intermediate in the biosynthesis of jasmonic acid, a ubiquitous plant hormone involved in various physiological processes, including plant development and stress responses. 5) 12,13-EOT is cyclized to cis-(þ)-12-oxo-10,15Z-phytodienoic acid (cis-(þ)-12-OPDA) by an allene oxide cyclase, and then metabolized further to jasmonic acid through several steps, including reduction and -oxidation. 5) Besides being an intermediate in jasmonic acid biosynthesis, cis-(þ)-12-OPDA itself regulates the expression of defense-related genes.
6) Thus 13-AOSs play important roles both in jasmonic acid biosynthesis and in jasmonic acid-independent defensive responses in plants.
In contrast to the ubiquitous importance of 13-AOSs throughout the plant kingdom, the importance of 9-AOS is still unclear due to limited evidence indicating the presence of this enzyme. Although the presence of 9-LOX has been evaluated in several plants, including potato, tomato, barley, and rice, 1) to date only two cloned and characterized AOSs that prefer fatty acid 9-hydroperoxides as substrates have been identified, from tomato 7) and barley. 8) The tomato enzyme was detected in germinating seeds and roots of mature plants, 7) while the barley enzyme was detected mainly in scutellar nodules and leaf bases.
8) The limited expression of these AOSs suggests tissue-specific physiological roles. An interesting clue to the physiological function of 9-AOS is the -ketol produced from 9-HPOT in Lemna paucicostata and Pharbitis nil, in which the -ketol functions as a component of a flowerinducing factor. [9] [10] [11] Since potato (Solanum tuberosum) plants show strong 9-LOX activity, they are often used to study the physiological function of 9-LOXs and related oxylipins. [12] [13] [14] [15] The characteristic metabolism of 9-HPOD and 9-HPOT in potato plants is the formation of divinyl ether 14, 16) and epoxy alcohol compounds. 17, 18) The epoxy alcohol compounds are readily converted to trihydroxy fatty acids.
18) The formation of these oxylipins in potato leaves infected by pathogens 13, 19, 20) as well as their antimicrobial activity 19, 21) suggest that the 9-LOXmediated oxylipins have significant defensive roles. On the other hand, 9-AOS activity has been detected in a few potato tissues, including sprouts, roots, and young tubers, 22) suggesting a possible specific function of 9-AOS rather than a ubiquitous function including defensive roles. Hence, characterization of potato 9-AOS should provide significant information by which to estimate in detail the physiological function of the 9-LOX-initiated metabolic pathways and related oxylipins. In this report, we describe the molecular cloning, functional expression, and tissue distribution of a novel potato AOS that can participate in 9-LOX-initiated metabolic pathways.
Materials and Methods
Materials. Seed potato tubers (Solanum tuberosum cv Danshaku) were purchased at a local market in Shimane, Japan, and planted in an open field to obtain fresh materials. Linoleic and -linolenic acids were purchased from Wako Pure Chemical Industries (Osaka, Japan), and soybean lipoxygenase from bioenzyme laboratories (San Diego, CA). Fatty acid 13-hydroperoxides (13-HPOD and 13-HPOT) and 9-hydroperoxides (9-HPOD and 9-HPOT) were prepared from the corresponding fatty acids using soybean lipoxygenase 23) and tomato tissue homogenate 24) respectively.
Cloning of a potato sprout AOS. Freshly harvested potato tubers were kept at 4 C in the dark until sprouts germinated. The sprouts were harvested, frozen immediately in liquid N 2 , and homogenized using mortar and pestle to powder, from which total RNA was prepared using an RNeasy Mini Kit (Qiagen, Hilden, Germany). After digestion with DNase I (Gibco BRL, Rockville, MD), the total RNA was used for 3 0 RACE reaction. The total RNA (1 mg) was annealed with an AUAP adapter primer containing a oligo (dT) 17 sequence at the 3 0 -terminal (Gibco BRL) and transcribed using SuperScript II reverse transcriptase (Gibco BRL) to yield potato sprout cDNAs, according to the manufacturer's specifications. The cDNAs was used directly for polymerase chain reaction (PCR) using a specific forward primer (5 0 -ATG-GCT-AAT-ACC-AAA-GAC-TCA-TA-3 0 ) designed on the database sequence (TIGR potato EST database accession no. EST493400) and an AUAP reverse primer (Gibco BRL). The PCR program used was composed of 1 cycle of 94 C/2 min 30 s, and 35 cycles of 94 C/30 s, 57 C/30 s and 72 C/1 min 30 s. The amplified DNA fragment of 1.5 kb was purified from an agarose gel, used for direct sequencing, and cloned into a pCR2.1 vector (Invitrogen, San Diego, CA). DNA sequencing was performed using a GigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Tokyo) with an ABI Prism 310 genetic analyzer (Applied Biosystems).
Construction of a yeast expression plasmid of the potato sprout AOS. The open reading frame (ORF) of the potato sprout AOS was re-amplified by PCR using a forward primer containing a Kozak's consensus sequence (5 0 -GCT-AGC-ATG-GCT-AAT-ACC-AAA-GAC-TCA-TAC-CAC-ATA-3 0 ; the Kozak's consensus sequence are underlined) and a reverse primer containing a XhoI site at the 5 0 end (5 0 -ACT-CGA-GTG-ATG-TTG-CTT-TGG-TTA-ATG-ACT-3 0 ), and cloned into a pCR2.1 vector. A correct clone without any PCR error was transferred to a pPICZ-C yeast expression vector (Invitrogen, Carlsbad, CA) using EcoR I and Xho I sites. The resulting construct contained an additional sequence encoding 31 amino acid residues (LEPRRPPAYVEQ-KLISEEDLNSAVDHHHHHH) at the 3 0 end of the cloned ORF.
Expression and purification of the potato sprout AOS. Ten micrograms of a pPICZ-C construct containing potato sprout AOS cDNA was linearized with Sac I and transformed into Pichia pastoris (Invitrogen) by electroporation using a MicroPulserÔ (Bio-Rad, Tokyo). The transformed P. pastoris cells were cultured according to the manufacturer's instructions. Briefly, the cells were grown at 30 C in MGYH medium (1.34% yeast nitrogen base without amino acids, 4 Â 10 À5 % biotin, 1% glycerol, 0.004% histidine) for 24 h, and then in MMH medium (1.34% yeast nitrogen base without amino acids, 4 Â 10 À5 % bitotin, 0.5% MeOH) for 60 h. The cells were re-suspended in a homogenizing buffer (50 mM Na-phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole, 1 mM PMSF) and homogenized with glass beads (100 mm, 1:1, by volume) using a Mini-Beadbeater (Biospect, South San Francisco, CA). The cell homogenate was centrifuged at 100;000 Â g for 1 h at 4
C to obtain a microsomal fraction, which was resuspended in the homogenizing buffer supplemented with 1.5% Triton X-100 on ice for 30 min and then centrifuged as above. From the soluble supernatants, the expressed enzyme was purified using Ni-NTA agarose (Qiagen) according to the manufacturer's protocol, except that the buffers contained 20% glycerol and 0.1% Triton X-100. The purified enzyme was desalted using a Hi-TrapÔ desalting column (Pharmacia Biotech, Uppsala, Sweden) equilibrated with a desalting buffer (50 mM Na-phosphate pH 8.0, 20% glycerol, 0.02% Triton X-100), and used as a purified potato sprout AOS.
AOS activity assay. AOS activity was measured at 25 C in 0.5 ml of 50 mM Na-phosphate (pH 7.4) containing 0.002% Tween 20. Substrate fatty acid hydroperoxides were added to the reaction mixture as an EtOH solution, so that the final EtOH concentration was 1%. The reaction was monitored by the decrease in A 234 . A " value of 23,000 was used for quantification of the conjugated diene chromophore.
23) The amount of enzyme was evaluated based on the protein concentration as measured by the Bradford assay using IgG as a standard (Bio-Rad). The concentration range used to determine the kinetic parameters of 9-HPOD and 9-HPOT was 5-40 mM, while those for 13-HPOD and 13-HPOT were 3-13 and 3-25 mM respectively. The kinetic parameters were determined using [S]/v versus [S] type plots.
HPLC analysis of the potato sprout AOS products. The purified potato sprout AOS (0.8 mg) was reacted with 20 mM 9-HPOD in 1 ml of 50 mM Na-phosphate (pH 7.4) containing 0.002% Tween 20 at room temperature for 30 min. After they were mixed with 10 ml of AcOH, the reaction products were extracted using C 18 Sep-Pak columns (Waters, Tokyo), and analyzed directly by reversed phase-HPLC using an ODS-AM3E2 column (3 Â 150 mm, YMC, Kyoto, Japan). The eluent consisted of CH 3 CN/H 2 O/AcOH (60:40:0.01, v/v), and the flow rate was 0.4 ml/min. The products were detected by A 205 . Chiral phase-HPLC analysis of the methyl ester of -ketol was performed using a Chiralcel OB-H column (4:6 Â 250 mm, Daicel, Tokyo). The eluent consisted of n-hexane/iso-propanol (94:6, v/v), and the flow rate was 0.5 ml/min. The HPLC system (Shimadzu, Kyoto, Japan) was equipped with a LC-9A high performance pump, an SPD-6AV UV-Vis spectrophotometric detector, and a C-R6A Chromatopac recorder.
GC-MS analysis of the potato sprout AOS metabolite. The purified reaction product was methylated using ethereal diazomethane, and re-purified by reversed phase-HPLC on an ODS-AM322 column ( Analysis of tissue distribution of the potato sprout AOS. Total RNAs were prepared from buds, flowers, leaves, stems, sprouts, and roots using an RNeasy Mini kit, and from tubers, as reported previously. 25) One microgram of total RNA was treated with DNase I and used for cDNA synthesis using oligo (dT) 12{18 primers and TrueScript II reverse transcriptase (Sawady Technologies, Tokyo) according to the manufacturer's instructions. The sequences of the specific forward and reverse primers for the potato sprout AOS were 
Results
Cloning of a potato sprout AOS A search of the TIGR potato EST database using 13-AOS sequences revealed that a clone derived from potato sprouts contained a partial sequence encoding a possible novel AOS. Within the registered 914-bp long sequence, a sequence starting from AUG at position 92 was homologous with the open reading frame sequences of other AOSs. This open reading frame candidate was supported by the presence of an in-frame stop codon (UAA) 87 nucleotides upstream of the possible initiator AUG. On the other hand, the registered sequence lacked the stop codon region. In order to obtain the proposed full open reading frame sequence, we applied the 3 0 RACE method. The PCR reaction amplified a single product 1.5 kb long from cDNAs prepared using potato sprouts. Direct sequencing of the PCR product revealed a 1,476-bp long proposed open reading frame sequence encoding a protein of 491 amino acids with a calculated molecular weight of 55,532 (Fig. 2 ) (GeneBank accession no. DQ174273). The deduced primary structure of the clone revealed structural features characteristic of cytochrome P450 enzymes, including AOSs, and showed the presence of four conserved domains (Fig. 2) (Fig. 2) . 7) No signal peptide was predicted by the PSORT program (http://hypothesiscreator.net/iPSORT/ predict.cgi).
Expression and characterization of potato sprout AOS
First we tried bacterial expression using a pET system (Novagen, Tokyo) according to previous reports describing bacterial expression of AOSs. 7, 8) But potato sprout AOS was not expressed in E. coli in spite of many efforts, including adjusting the temperature for bacterial growth and protein expression, using host strains supplemented with tRNAs for the less-frequent codons, and changing the position of the His-tag. Next we tried yeast expression in Pichia pastoris using a pPICKZ-C vector to express potato sprout AOS as a fusion protein with a His-tag at the C-terminal. A protein of the expected size was successfully expressed and purified almost to homogeneity using Ni-NTA agarose (Fig. 3) . Digestion of the purified potato sprout AOS with endoglycosidase H caused no significant change in molecular weight as detected by SDS-PAGE, excluding the addition of polysaccharide chains (data not shown). The UV-visible spectrum of the purified potato sprout AOS exhibited a characteristic main Soret band at 418 nm that closely resembled that of tomato 9-AOS (data not shown). 7) In order to confirm the AOS activity of potato sprout AOS, we examined the reaction products of this enzyme and 9-HPOD. Although allene oxides decompose quick-ly in aqueous circumstances, their presence can be evaluated by detection of derivatives (Fig. 1) . 3, 4, 7, 22) Especially, the appearance of the most abundantketols is obvious. 4, 7, 22) Reversed phase-HPLC analysis revealed that purified potato sprout AOS produced from 9-HPOD three products, I, II, and III, with product II eluted at about 10 min as a prominent major product (Fig. 4A) . The three products were not detected in reactions without the enzyme (Fig. 4B) or the substrate (Fig. 4C ), or in a reaction using heat-denatured enzyme (Fig. 4D) , confirming that the appearance of the products was due to the enzymatic activity of potato sprout AOS. GC-MS analysis of the main product, II, exhibited
, and 259 (Fig. 5) , indicating that the main product was an -ketol derived from an allene oxide, 9,10-EOD. The molecular ion indicated the presence of two SiMe 3 groups, which were thought to be at the 9 and 10 positions based on the other two abundant ions. Although the -ketol assumed here contains a hydroxyl group only at position 9, the oxo group at position 10 underwent enolization during trimethylsilylation to yield a tautomer with another hydroxyl group at position 10, which enabled the formation of an additional SiMe 3 group. 26) Thus the detected molecular ion and the fragmentation pattern indicated that the main product was -ketol (10-oxo-9-hydroxy-12Z-octadecenoic acid) derived from 9,10- EOD, confirming the AOS activity of potato sprout AOS. Chiral phase-HPLC revealed that the product, -ketol, was composed mostly of 9R--ketol (90 AE 5%) with coexistence of the 9S-enantimor (10 AE 5%). Although products I and III were supposed to be -ketol and cyclopentenone derivatives, 22) they were not identified due to their limited amounts and difficulties in purification, which were caused by overlapping of Triton X-100 used to solubilize potato sprout AOS.
Kinetic studies indicated that potato sprout AOS was more selective for 9-hydroperoxides than for 13-hydroperoxides. The highest k cat and k cat =K m values for 9-HPOD indicated that 9-HPOD is the best substrate for this enzyme (Table 1 ). The k cat value for 9-HPOD (573 AE 83 s À1 ) of potato sprout AOS was close to those Potato sprout AOS (0.8 mg) was reacted with 20 mM of 9-HPOD in 1 ml of 50 mM Na-phosphate buffer (pH 7.4) at room temperature for 30 min. The reaction products were analyzed using a YMC AM3E2 ODS column (3 Â 150 mm) with CH 3 CN/H 2 O/AcOH (60:40:0.1) at a flow rate of 0.4 ml min (A). Negative controls were without the enzyme (B) or the substrate (C), and with the heat-inactivated enzyme (D). In panel A, the enzymatic products are shown as compounds I, II, and III. The multiple peaks appearing between 11-17 min in panels A, C, and D are due to Triton X-100. of other AOSs, including flaxseed 13-AOS (! 1000 s
À1
for 13-HPOD) 4) and tomato 9-AOS (820 s À1 for 9-HPOD).
7)
Tissue distribution of potato sprout AOS The tissue distribution of potato sprout AOS was evaluated by RT-PCR. Besides the sprouts, expression of this enzyme was detected in buds, flowers, and stems, but not in leaves, tubers, or roots (Fig. 6A) . The specificity of the detection of potato sprout AOS mRNA was confirmed by the complete absence of any PCR product without reverse transcriptase and successful amplification of the cDNA encoding -actin (Fig. 6A  and B) .
Discussion
Potato is a plant with strong 9-LOX activity, and is often used to study the physiological function of the 9-LOX pathway. [12] [13] [14] [15] The major metabolism of 9-HPOD and 9-HPOT in potato plants is the formation of divinyl ether compounds, catalyzed by DES, 14, 16) and the formation of epoxy alcohol compounds by EAS. 17, 18) The potato DES and EAS pathways have been characterized in detail, but information about AOS, involved in the 9-LOX pathway, is still limited. 22) In this study, we cloned and characterized a novel potato sprout AOS that contributes to the potato 9-LOX pathway.
During this research, two closely related AOSs have been reported. One is a tomato 9-AOS (LeAOS3 named according to Lycopersicon esculentum), which shares 94.5% homology with potato sprout AOS in primary structure.
7) The other closely related AOS reported recently is a potato root AOS registered as an AOS3 gene at GeneBank (accession no. AJ868542). Although there is no information about the enzymatic activity of potato root AOS, this AOS shares 98.6% and 99.2% homology in nucleotide and amino acid sequences respectively with potato sprout AOS, suggesting that these AOSs are essentially identical. Only two amino acids, Ile183 and Ser318, in potato sprout AOS are replaced with Met and Thr respectively in potato root AOS.
Tomato 9-AOS (LeAOS3) is classified in the CYP74C subfamily, which is different from the CYP74A subfamily, composed of 13-AOSs. 2, 7) In addition to 9-AOSs, the CYP74C subfamily also contains certain hydroperoxide lyases (9/13-HPLs) of dual selectivity for 9-and 13-hydroperoxides. 2, 7, 27, 28) Based on its homology with tomato 9-AOS, potato sprout AOS should belong to the CYP74C subfamily, in which 9-AOSs and 9/13-HPLs share 55% homology in primary structure. Other than the CYP74C subfamily, potato sprout AOS shares typically 50%, 30-40%, and 40-50% homology with DESs (CYP74D), 13-HPLs (CYP74B), and 13-AOSs (CYP74A) respectively.
The co-existence of two kinds of enzymes, AOSs and HPLs, in the CYP74C subfamily raises the question whether the members in this subfamily catalyze more than one reaction. Tomato 9-AOS did not exhibit HPL or DES activity, 7) while the HPLs in this subfamily did not exhibit AOS or DES activity. 27, 28) Taking the extremely high homology and the same level of turnover between potato sprout AOS (Table 1 ) and tomato 9-AOS 7) into account, it is unlikely that the potato enzyme exhibits HPL or DES activity. In fact, monitoring of the reaction of potato sprout AOS and 9-HPOD by periodical scanning of the UV spectrum of the reaction mixture revealed rapid decreases in absorbance at 234 nm due to the conjugated diene chromophore in the substrate, but no other change and in particular no increase in absorbance at 250 nm due to the divinyl vinyl ether chromophore, 16) excluding DES activity of the present enzyme (data not shown). Furthermore, the present RP- The total RNA prepared from each tissue was converted to cDNA, which was used for PCR reaction to detect potato sprout AOS (panel A) or -actin (panel B). For detection of potato sprout AOS, cDNAs prepared with (þ) or without (À) reverse transcriptase (RT) were used. The analyzed tissues were buds (Bd), flowers (Fl), leaves (Lf), roots (Rt), stems (St), sprouts (Sp), and tubers (Tb). The arrows in panels A and B indicate the specific fragments of potato sprout AOS (528 bp) and -actin (550 bp) respectively. M, 100 bp ladder.
HPLC analyses showed no clear HPL products, which are expected to elute earlier than AOS products. 27) The tissue distribution of potato sprout AOS evaluated by RT-PCR (Fig. 6 ) must be estimated carefully. Its absence in leaves was in accordance with the fact that potato leaves exhibited only a negligible level of 9-AOS activity. 22) On the other hand, the hardly detected expression of potato sprout AOS mRNA in tubers and roots (Fig. 6 ) might appear to be incompatible with previously reported significant 9-AOS activity in these tissues. 22) This discrepancy should be considered to be based on at least two factors. One is the physiological condition-dependent expression of the gene, and the other is the remaining enzymatic activity without concomitant gene expression. The high level of 9-LOX mRNA in young tubers decreased during tuber maturation and almost disappeared in stored tubers, while 9-LOX activity increased during tuber maturation and became even higher in stored tubers. 29, 30) In roots, significant 9-LOX activity was detected, while its mRNA was faint. 30) A similar profile of lowered gene expression and remaining enzymatic activity during tissue maturation was observed for potato 13-HPL. 31) Hence the mRNA of potato sprout AOS could be detected in premature developing tubers and roots.
Potato leaves exhibit strong 9-LOX activity and 9-LOX occupies 95% of the total LOX activity in leaves.
18) The 9-LOX products, 9-HPOD and 9-HPOT, are metabolized exclusively by EAS to epoxy alcohol compounds that are further converted to trihydroxy fatty acids. 18) Interestingly, infection by pathogens, including Pseudomonas syringae and Phytophthora infestans, induces 9-LOX expression and production of trihydroxy fatty acids and divinyl ether compounds, suggesting that EAS and DES are involved in the defensive response in leaves. 13, [19] [20] [21] In fact, trihydroxy fatty acids and divinyl ether compounds function as antimicrobial agents. 19, 21) The EAS and DES pathways are also present in potato tubers and sprouts. 16, 17, 22) Such wide distribution of EAS and DES pathways in most of the parts of potato plants provides defense required in every part of the plant. On the other hand, the limited tissue distribution of 9-AOSs (Fig. 6) suggests their specialized function such as development control rather than ubiquitous defensive roles, 7) -Ketols derived non-enzymatically from both fatty acid 9-and 13-hydroperoxides via allene oxides are not completely racemic, but rather rich in the R-enantiomers that typically occupy 60-70% of the total -ketols produced in AOS reactions. 3, [32] [33] [34] The predominance of R-enantiomers in AOS-dependent -ketol formation can be explained based on the reaction mechanism of the non-enzymatic hydrolysis of allene oxides, where a water molecule adds to an allene oxide mainly through S N 2-type but partly through S N 1-type processes. 32) On the other hand, Hamberg reported that the -ketol formed in the reaction of potato stolon membrane fraction and 9-HPOD was a mixture of 9R-and 9S-enantiomers in a ratio of 90:10. 22) To confirm this unusually high ratio of the 9R-enantiomer in the potato enzyme system, Hamberg insightfully analyzed at the same time the -ketols produced by the reaction of corn seed membrane fraction and 9-HPOD, finding a typical ratio of 66-74% for the 9R-enantiomer. 22) These results suggest that the potato enzyme system can produce 9R--ketol more selectively than does the typical nonenzymatic hydrolysis of allene oxides, which is observed in the reaction with other AOSs. The selectivity of the potato enzyme system for 9R--ketol is well explained by the present result that the -ketol formed in the reaction of purified potato sprout AOS and 9-HPOD was mainly composed of the 9R-enantiomer (90%). Potato sprout AOS, therefore, can provide an effective biosynthetic pathway for 9R--ketol from 9-HPOD, although the mechanism of selective formation of 9R--ketol and the physiological function of the 9R--ketol in potato remain to be evaluated. An interesting function of a 9R--ketol has been evaluated using Lemna paucicostata and Pharbitis nil, in which 9R--ketol, but not 9S--ketol, derived from 9-HPOT functions as a flowerinducing agent. [9] [10] [11] 
